Spin dephasing by the Dyakonov-Perel mechanism in metallic films deposited on insulating substrates is revealed, and quantitatively examined by means of density functional calculations combined with a kinetic equation. The surface-to-substrate asymmetry, probed by the metal wave functions in thin films, is found to produce strong spin-orbit fields and a fast Larmor precession, giving a dominant contribution to spin decay over the Elliott-Yafet spin relaxation up to a thickness of 70 nm. The spin dephasing is oscillatory in time with a rapid (sub-picosecond) initial decay. However, parts of the Fermi surface act as spin traps, causing a persistent tail signal lasting 1000 times longer than the initial decay time. It is also found that the decay depends on the direction of the initial spin polarization, resulting in a spin-dephasing anisotropy of 200% in the examined cases. PACS numbers: 72.25.Rb, 73.50.Bk, 72.25.Ba, In spintronics experiments, spins are often excited in, or transported through, non-magnetic metallic thin film media [1] . Typical examples are Cu, Au or Pt, used in spin-current creation or detection via the spin Hall effect [2] [3] [4] [5] or spin Nernst effect [6, 7] . Paramount for the spin-transport properties of a medium is the characteristic time T after which the out-of-equilibrium spin population that was created in the medium is lost by relaxation or dephasing [8, 9] . The microscopic mechanisms leading to spin reduction depend on the material properties, and it is commonly accepted that the Elliott-Yafet (EY) mechanism [10, 11] is dominant in metals [12] [13] [14] [15] , since they show space-inversion symmetry [16] . However, any substrate on which the film is deposited breaks the inversion symmetry; if the film is thin enough (thinner than the electron phase relaxation length), the resulting asymmetry is felt by the metallic states extending over the film thickness, even though the substrate and surface potential are screened in the film interior. In this case, as we argue in this Letter, the band structure changes throughout the film and the DyakonovPerel (DP) mechanism [17] for spin dephasing is activated and becomes the dominant cause of spin reduction. The DP mechanism (that we briefly describe below) is known to be important in III-V or II-VI semiconductors or semiconductor heterostructures due to their inversion asymmetry [18, 19] , but, to our knowledge, it has been completely overlooked so far in the important case of metallic films.
In spintronics experiments, spins are often excited in, or transported through, non-magnetic metallic thin film media [1] . Typical examples are Cu, Au or Pt, used in spin-current creation or detection via the spin Hall effect [2] [3] [4] [5] or spin Nernst effect [6, 7] . Paramount for the spin-transport properties of a medium is the characteristic time T after which the out-of-equilibrium spin population that was created in the medium is lost by relaxation or dephasing [8, 9] . The microscopic mechanisms leading to spin reduction depend on the material properties, and it is commonly accepted that the Elliott-Yafet (EY) mechanism [10, 11] is dominant in metals [12] [13] [14] [15] , since they show space-inversion symmetry [16] . However, any substrate on which the film is deposited breaks the inversion symmetry; if the film is thin enough (thinner than the electron phase relaxation length), the resulting asymmetry is felt by the metallic states extending over the film thickness, even though the substrate and surface potential are screened in the film interior. In this case, as we argue in this Letter, the band structure changes throughout the film and the DyakonovPerel (DP) mechanism [17] for spin dephasing is activated and becomes the dominant cause of spin reduction. The DP mechanism (that we briefly describe below) is known to be important in III-V or II-VI semiconductors or semiconductor heterostructures due to their inversion asymmetry [18, 19] , but, to our knowledge, it has been completely overlooked so far in the important case of metallic films.
Characteristic of systems with spin-orbit coupling and time reversal symmetry but broken inversion symmetry is the lifting of conjugation degeneracy [11] at each crystal momentum k and energy E k of the band structure. The resulting pair of states Ψ ± k obtains energies E ± k with the (usually small) splitting |Ω k | = E + k − E − k depending on the spin-orbit strength, the strength of the antisymmetric part of the potential V A , and the overlap of the wavefunction Ψ k with V A . The situation is described by adding to the k-dependent crystal Hamiltonian the term
where σ is the vector of Pauli-matrices and the vector quantity Ω k is called the spin-orbit field (SOF) [8, 20] . The direction of ±Ω k is given by the direction of the spin expectation value of Ψ ± k . From this well-known theory follows the Dyakonov-Perel mechanism of spin dephasing. In brief, one assumes that an electron wavepacket at wave vector k with a given spin direction s k is composed of a superposition of Ψ ± k . Then, effectively, Ω k will act on the spin as a magnetic field due to Eq. (1) and s k will precess around Ω k . After an average momentum lifetime T p , the electron is scattered with a transition rate P k ′ k to k ′ occupying a superposition of Ψ ± k ′ (the scattering is assumed to be energy-and spin-conserving) and precesses around Ω k ′ , etc. Since the scattering sequence is a stochastic process, the electron spin effectively precesses around a sequence of random axes and the information on the initial direction of s k is finally lost after a characteristic DyakonovPerel time of T DP . The process is governed by a kinetic equation [20] :
The occupation of Ψ ± k by a single wavepacket implies that the splitting |Ω k | is small: one can conceive a wavepacket of large energy spread, but it is unlikely that after several scattering events both Ψ ± k will follow the same path in k-space if their energy difference is large. In this sense, we expect that the Rashba surface states of metals, being in many cases characterized by a large |Ω k | [e.g. of the order of 100 meV at the Fermi level for Au(111) [21, 22] ], will produce strong spin relaxation but not follow the DP mechanism.
In the present Letter we demonstrate the importance of the DP mechanism in metallic films deposited on insulating substrates. We use the density-functional-based Korringa-KohnRostoker (KKR) Green function method for the calculation of the band structure and transition rates [23] [24] [25] , and Eq. (2) for the time evolution of the spin expectation value. In our calculations we explicitly assume that all scattering is caused by self-adatom impurities, that are always present on metal surfaces; the concept that we demonstrate, however, is valid also in the presence of other scattering sources and can be easily quantified if the transition rate is known. As we find, the dephasing process is controlled by an interplay between film thickness, scattering strength, and penetration depth of the film wavefunctions into the insulating substrate and into the vacuum.
In the following, we give a short description of our method of calculation of spin-orbit fields, focussing on the basic principles and the approximations [26] . In a metallic film of thickness d deposited on an insulating substrate, the wavefunctions Ψ k around the Fermi energy probe the surface and substrate potential, V surf at z > d/2 and V sub at z < −d/2, only by exponentially evanescent tails (z = 0 defines the film midplane). Since by assumption, the free-standing film shows inversion symmetry, the antisymmetric part of the potential is just V A (r) =
The smallness of the overlap (Ψ k , V A Ψ k ) ∝ 1/d allows us to calculate Ω k in linear response to V A with the free-standing film as a reference (the linear approximation improving at larger thicknesses). In a second, simplifying step, the substrate is mimicked by a constant barrier V 0 added to the surface potential of the free-standing film at z < −d/2, yielding
The conceptual advantage of this approximation is that one can define spin-orbit fields characteristic of the free-standing film, where the substrate enters only via a linear multiplicative factor V 0 . I.e., one obtains the linear relation
where the spin-orbit field susceptibility ω k was introduced. The value of ω k can be calculated in linear response theory on the basis of the free-standing film, while the parameter V 0 can be fitted at high symmetry points in the Brillouin zone for any given susbtrate with respect to an explicit calculation of the film on the substrate. We consider this second step well suited for a qualitative discussion, while the exact values of Ω k can deviate somewhat from this result. Quantitative improvements by taking the full substrate potential explicitly into account are possible but numerically expensive and are not necessary to unravel the general phenomenon which is the motivation here. In solving Eq. (2) for the spin population s k (t), we assume that the excited electron concentration is small, so that the scattering is practically not affected by the final state occupation, and that the excited states are close to the Fermi level, confining in practice the k values to the Fermi surface (FS). As an initial condition at t = 0, we choose that s k is along the positive z axis, i.e. normal to the film surface. Other choices of initial conditions, corresponding to different physical situations, are of course possible. A Fermi surface integration gives us the sought-for quantity s z (t) = (1/n F ) k (s k (t)) z , i.e., the magnetization along the initial axis z, normalized to the density of states n F at the Fermi level. We assume that we are in the low concentration regime, i.e., P kk ′ scales linearly to the impurity concentration. Even under this assumption, the solution of Eq. (2) has no simple scaling properties with respect to concentration or to V 0 . Eq. (2) has to be explicitly solved for each set of these parameters.
We also compare the DP with the EY mechanism that neglects precession but accounts for spin-flip scattering. We employ the master equation for the spin-dependent electron distribution function n σ k (t) involving spin-conserving and spinflip transition rates P σσ ′ kk ′ [26] , dn
whereσ =↑ if σ =↓ and vice versa. A time integration gives
). Contrary to Eq. (2), Eq. (4) is linear in the impurity concentration.
As we find, the form of s z (t) is rather complicated, not having an exponential envelope. Still, we define the dephasing time T DP and relaxation time T EY as the time at which s(t) = exp(−1) s(0) . Especially the EY mechanism causes an initial exponential decay with decay parameter 1/T EY = 2 kk ′ P ↓↑ kk ′ /n F . In reality, both mechanisms act simultaneously, which should be taken into account in a full theory [27] . Here, however, we are after a separation of causes, comparing the two mechanisms as if they were independent. We proceed with a presentation of our results. In Fig. 1 we show the Fermi surface distribution of the spin-orbit field susceptibility for Au(111) and Pt(111) 6-layer and 12-layer films (omitting surface states). The arrows denote the direction of the ω k projected onto the surface plane while the color code shows the value of |ω k | × 10 3 . We find sizeable out-of-plane components of ω k [26] . These must identically vanish only in the presence of in-plane inversion symmetry, V (x, y, z) = V (−x, −y, z) [28] , e.g. in bcc/fcc(100) or (110) systems.
The magnitude of the spin-orbit field susceptibility shows a spread, as seen from the color code. Averaging over the Fermi surface, we expect |ω| ∝ 1/d. Qualitatively, this behavior is indeed observed in Fig. 2 for all tested systems: Au(111), Ag(111), Cu(111), Pt(111) and Ir(111) [29] . Comparing Au(111), Ag(111) and Cu(111) at the same thickness, we find that stronger spin-orbit coupling leads to larger averaged SOF, as expected from a spin-orbit phenomenon.
For an estimation of the parameter V 0 [Eq. (3)] we calculated self-consistently a 6 ML Au(111) film on 6 layers of the wide-band-gap insulator MgO and found explicitly the SOF at high symmetry points in the Brillouin zone. A fit to V 0 ω k , with ω k calculated for a free-standing 6-atomic-layer Au(111) film, gives us V 0 = −12.24 eV, which we accept as characteristic of the Au/MgO interface at all film thicknesses. Thus the Fermi surface average yields spin-orbit field of |Ω| = 29 meV (for 6 layers of Pt(111) we obtain |Ω| = 25 meV). The value decreases to 9 meV in a 24-atomic-layer Au(111) film, which is still considerably larger than a typical value of 1 meV met in semiconductors [8] , with the consequence of a much faster spin precession in these metallic films (a splitting of |Ω| = 1 meV corresponds to a Larmor precession time of T L = 4.13 ps). Different insulating substrates are expected to have different values of V 0 but in the same order of magnitude. Now we are ready to discuss the solution of the kinetic equation (2) . Fig. 3 shows the value of s z (t) / s z (0) for The behavior is clearly oscillatory with a non-exponential envelope and with part of the signal (∼ 2% of the initial value) persisting to times as large as 80 ps, as can be seen from the inset of Fig. 3 . We also explored a variation of the parameter V 0 to −6.12 eV and −18.36 eV; the qualitative behavior is the same, but with a slower or faster decay, respectively, due to the different precession frequency (see Fig. 3 ).
The origin of this behavior lies in the standing-wave nodal structure that the metal wavefunctions ("quantum-well states") exhibit in the z direction (perpendicular to the film). Depending on the band, |Ψ k (r)| 2 can have either a negligible or a significant value in the vacuum and in the substrate. In the former case, the Ω k ∼ (Ψ k , V A Ψ k ) almost vanishes. At these k-points, the precession term in Eq. (2) is negligible even over long times. The only path to dephasing for these spins is to be scattered away first to some k ′ with larger SOF. But since the initial state Ψ k does not penetrate in the vacuum, the overlap with the adatom potential is also small, keeping the scattering rate low. These particular parts of the FS act in a sense as spin traps. Since the nodal structure of the quantum-well states depends primarily on the metallic film and not on the substrate or on the adatom, the spin traps are a property of the pristine film. However, in the presence of burried impurities instead of adatoms, or of phonons at elevated temperatures, the scattering rate will not be negligible and the spins will be scattered away from the traps at a higher rate. Additionally, the precession can freeze if Ω k and s k are collinear. Since this condition is met in part of the FS (not shown) of Au(111) or Pt(111), it is part of the reason of the slow decay of s z in these systems. We should note that the existence and effectiveness of spin traps is material and thickness dependent. Fig. 3 (inset) also shows s z (t) / s z (0) by the EY mechanism (Eq. 4). Evidently, the EY spin relaxation is also affected by the spin traps, produc- ing persisting tails, and is not exponential at large times. It is clear, however, that the DP mechanism dominates the decay process. Table I summarizes the values of T DP for 6-atomic-layer and 24-atomic-layer Au(111) with 1% and 5% of self-adatoms and for different substrate-potential values V 0 . The same Table also shows the calculated EY relaxation time, including values with ("ws") and without ("wos") the surface states taken into account. (The latter serves for comparing the DP and EY mechanisms acting on the same set of states.) As is qualitatively expected [8] , T DP increases and T EY is reduced with increasing defect concentration. It is striking that T DP is in all cases much lower than T EY . The reason for this is basically the very high value of the spin-orbit fields causing a Larmor precession period T L that is smaller than the momentum relaxation time T p . E.g., for 24 layers of Au(111), |Ω| = 9 meV giving T L = 0.46 ps, to be compared to T p ∼ 1 ps at 1% adatom concentration. In this regime, according to Zutić et al. [8] , T DP is estimated as inverse of the SOF spread ∆Ω. For 24 layers of Au(111), T DP ∼ 1/∆Ω = 67 fs, which is in the same order as our firstprinciples value of T DP = 110 fs. Only at much larger thicknesses does the average precession period exceed a few ps, allowing the EY mechanism to dominate [30] . Assuming that |Ω| ∝ 1/d, we can estimate that the two mechanisms will have a comparable contribution at thicknesses of approximate 270 layers (70 nm). The DP effect, however, could be washed out at elevated temperatures, if the electron phase relaxation length becomes smaller than the film thickness so that electrons in the film interior cannot probe the substrate-surface asymmetry (different to semiconductors, the asymmetry potential does not penetrate deep into the metallic film interior due to metallic screening). In cases of weak spin-orbit coupling, e.g. Li, Na, Mg or Al, both the SOF and the spinmixing of states are reduced proportionally to the spin-orbit strength. As a result the DP mechanism is still expected to dominate at small thicknesses, however, it is expected to enter the motional narrwowing regime because of the slower Larmor precession [8] .
Finally, one expects an anisotropy of the DP dephasing time with respect to the initial condition, e.g., T DP will be different for s k (t = 0) perpendicular to the film compared to its being in the film plane. This type of anisotropy has been reported previously e.g. in semiconductor heterostructures or in graphene [31] and originates from a different microscopic mechanism compared to the one reported for inversionsymmetric metals [32] [33] [34] . Using the symbolŝ to denote the direction of the initial spin polarization, we have a dependence T DP (ŝ) and we may define the anisotropy as the relative difference
For the films studied here, A DP reaches values as large as 200% in a 24-atomic-layer Au(111) film. The spin traps are persistent irrespective of the initial condition, as they originate in regions of very small SOF, irrespective of theŝ.
In conclusion, we find that the potential asymmetry introduced in supported metallic films by the substrate will create strong spin-orbit fields, activating the DP mechanism of spin dephasing. This effect is present in spite of the strong chargescreening in metals, since the surface and substrate are probed by the itinerant metal wavefunctions even if the potential perturbation vanishes in the film interior. We predict that the DP mechanism can dominate over the EY mechanism for thicknesses as large as 200-300 atomic layers, after which the interface induced SOF become very small, falling off inversely proportional with thickness of the film. In case of scattering only by adatoms, certain parts of the Fermi surface with low SOF acquire also low scattering rates, acting as spin traps and allowing the spin signal to persist over long times. We propose that an experiment to verify our predictions can be based on laser-pulse, pump-probe experiments (probing the Faraday or Kerr rotation) with fs temporal resolution in films of varying thickness.
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